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UNC-16, a JNK-Signaling Scaffold Protein,
Regulates Vesicle Transport in C. elegans
remains unchanged (Nonet et al., 1993; Nonet et al.,
1997; Nonet et al., 1998; Zhen et al., 2000; Zhen and
Jin, 1999). In rat neurons, dense core granulated vesicles
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containing the presynaptic proteins Piccolo, Bassoon,
Syntaxin, SNAP-25, and N-cadherin are morphologically1 Department of MCD Biology
distinct from synaptic vesicles (Zhai et al., 2001). Conven-Sinsheimer Laboratories
tional kinesin-1, a heterotetramer consisting of two kinesinUniversity of California, Santa Cruz
heavy chains (KHC/KIF5) and two kinesin light chainsSanta Cruz, California 95064
(KLC), associates with synaptic vesicles as well as with2 Department of Molecular Biology
other membrane-bound organelles (Leopold et al., 1992;Graduate School of Science
Sato-Yoshitake et al., 1992), demonstrating both thatNagoya University and CREST
motors may associate with more than one cargo andJapan Science and Technology Corporation
that cargoes may associate with more than one motor.Chikusa-ku, Nagoya 464-8602
However, the precise mechanisms neurons use to pairJapan
axonal cargo and motors are poorly understood.3 Department of Molecular Cell
One way by which motors may find their cargo isand Developmental Biology
by employing a protein complex as a molecular tetherHoward Hughes Medical Institute
between the motor and cargo. For example, the mam-University of California, Santa Cruz
malian mLin7/mLin2/mLin10 protein complex functionsSanta Cruz, California 95064
as a link between the KIF17 motor and cargo vesicles
containing the NR2B subunit of NMDA receptors (Setou
et al., 2000). In C. elegans, LIN-10 is required for the
localization of both an AMPA-type receptor, GLR-1, inSummary
neurons and an EGF-like receptor, LET-23, in the epider-
mis (Kaech et al., 1998; Rongo et al., 1998).Transport of synaptic components is a regulated pro-
Members of the c-Jun N-terminal kinase (JNK)-inter-cess. Loss-of-function mutations in the C. elegans
acting protein (JIP) group, including JIP1, JIP2, andunc-16 gene result in the mislocalization of synaptic
JIP3/JSAP1/dSYD, bind KLC and are candidate molecu-vesicle and glutamate receptor markers. unc-16 en-
lar tethers for kinesin-1 (Bowman et al., 2000; Verhey etcodes a homolog of mouse JSAP1/JIP3 and Drosoph-
al., 2001; and reviewed by Verhey and Rapoport, 2001).ila Sunday Driver. Like JSAP1/JIP3, UNC-16 physically
The localization of JIP1, JIP2, and JIP3 in cultured cellsinteracts with JNK and JNK kinases. Deletion muta-
requires the function of kinesin-1, demonstrating thattions in Caenorhabditis elegans JNK and JNK kinases
JIPs may be kinesin-1 cargoes (Verhey et al., 2001).result in similar mislocalization of synaptic vesicle
Binding of JIP1 and JIP2 to ApoER2 reelin receptor maymarkers and enhance weak unc-16 mutant phenotypes.
tether kinesin-1 to vesicles containing ApoER2 (Stock-unc-116 kinesin heavy chain mutants also mislocalize
inger et al., 2000; Verhey et al., 2001). JIP3 is unrelatedsynaptic vesicle markers, as well as a functional UNC-
to JIP1 and JIP2 by sequence, and it is unclear whether16::GFP. Intriguingly, unc-16 mutations partially sup-
and how JIP3 associates with cargo vesicles. Mutationspress the vesicle retention defect in unc-104 KIF1A
in the Drosophila JIP3 homolog, sunday driver, result inkinesin mutants. Our results suggest that UNC-16 may
mislocalized axonal cargo and a distal larval slug-regulate the localization of vesicular cargo by integrat-
gishness phenotype resembling that of kinesin mutants
ing JNK signaling and kinesin-1 transport.
(Bowman et al., 2000).
JIPs can also bind components of a JNK-signaling
Introduction cascade (Ito et al., 2000; Kelkar et al., 2000). Although
JNK was named for its ability to phosphorylate c-Jun
Synaptic components are carried to target locations by of the AP-1 transcriptional activator (for a review, see
several types of motor proteins and cargo vesicles (for Davis, 2000), other identified JNK targets include neuro-
reviews, see Goldstein and Yang, 2000; Hirokawa et al., filaments, the microtubule-associated protein tau, the
1998; Schaefer and Nonet, 2001). Although the move- putative actin-associated protein p150-Spir, and the
ment of nascent synaptic vesicles is attributed to the Rab3 GEF DENN/MADD (Brownlees et al., 2000; Otto et
UNC-104/KIF1A monomeric kinesin motor (Hall and al., 2000; Reynolds et al., 2000; Zhang et al., 1998). It is
Hedgecock, 1991; Otsuka et al., 1991; Yonekawa et al., possible that JIPs perform separable functions, acting
1998), other synaptic proteins do not depend on KIF1A both as a cargo and a tether for kinesin-1 (Stockinger
for transport. In Caenorhabditis elegans, the synaptic et al., 2000; Verhey et al., 2001) and mediating JNK signal
vesicle-associated proteins RAB-3, SNB-1/synaptobrevin, transduction, once transported to their target locations.
and SNT-1/synaptotagmin are retained in the cell bodies To identify genes involved in synaptogenesis, we have
of unc-104/KIF1A mutant animals, whereas the localiza- taken a genetic approach exploiting the simple nervous
tion of the presynaptic proteins SYD-2 and RPM-1/Hiw system of C. elegans in which the synaptic connectivity
is known at the ultrastructural level and individual syn-
apses are reliably identified (White et al., 1986). We show4 Correspondence: jin@biology.ucsc.edu
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here that the C. elegans unc-16 gene encodes a JIP3/ e109/Df and ju79/Df animals, which die as early L1 lar-
vae, suggesting that these alleles are partial loss-of-JSAP1/dSYD homolog. Partial loss-of-function muta-
tions in unc-16 result in the mislocalization of synaptic function mutations and that the null phenotype of unc-16
is probably larval lethal. Consistent with this, dsRNAi ofvesicle and glutamate receptor markers. UNC-16 physi-
cally interacts with C. elegans JNK-signaling proteins, unc-16 resulted in dead larvae (data not shown).
The mislocalized SNB-1::GFP along the dorsal cordJNK-1, JKK-1, and SEK-1, and mutations in jnk-1 and
jkk-1 result in synaptic vesicle mislocalization similar to in unc-16 mutant L1 was due to expression in the DD
neurons, not ectopic expression of Punc-25-SNB-1::GFPunc-16 mutants, supporting a role for JNK signaling in
the transport process. Consistent with an interaction of in another cell type (data not shown). Although dorsal
localization of SNB-1::GFP in the DDs of L1 larvae canthe conventional kinesin-1, mutations in unc-116 KHC/
KIF5 display similar mutant phenotypes as unc-16 and result from precocious synaptic remodeling (Hallam and
Jin, 1998), two observations make this unlikely formislocalize UNC-16::GFP. Furthermore, unc-16 muta-
tions partially suppress mutations in the unc-104 KIF1A unc-16 mutants. First, previous studies have shown that
a concurrent gradual loss of the ventral localization ofkinesin. We propose that UNC-16 regulates vesicle
transport through its associations with both JNK-signal- the SNB-1::GFP marker accompanies the remodeling of
synapses to the dorsal side of the DDs (Hallam and Jin,ing components and the kinesin-1 motor.
1998). unc-16 mutant L1 animals maintained predomi-
nantly ventral localization of SNB-1::GFP with varyingResults
degrees of dorsal localization, and the amount of dorsal
and ventral localization of SNB-1::GFP did not changeA Synaptic Vesicle Marker Is Mislocalized in DD
significantly in individual L1 animals over time until justMotor Neurons of unc-16 Mutant L1 Larvae
prior to the L1 molt (data not shown). Second, a functionalWe visualize synaptic vesicle localization in live animals
postsynaptic GABA receptor marker, UNC-49B::GFP, wasusing a fluorescently tagged synaptic vesicle marker
localized only along the ventral cord in wild-type L1composed of C. elegans synaptobrevin fused to the green
worms (Bamber et al., 1999), and mutations in unc-16fluorescent protein (SNB-1::GFP) (Hallam and Jin, 1998;
did not affect this localization (data not shown). ThisNonet, 1999). When driven by the unc-25/glutamic acid
suggests that unc-16 may affect the transport or sortingdecarboxylase promoter (Jin et al., 1999), the SNB-1::GFP
of presynaptic components, not the formation of func-marker (Punc-25-SNB-1::GFP) is expressed by the six DD
tional dorsal synapses in the DD neurons.and four RME GABAergic neurons in first stage (L1)
larvae. The DD motor neurons are born embryonically
and send out processes from the cell bodies along the Synaptic Vesicle Markers and a Glutamate
Receptor Marker Are Mislocalized in Manyventral nerve cord, which branch to extend to the dorsal
cord and along the dorsal cord (Figure 1A) (White et Neurons of unc-16 Mutant Animals
To determine whether unc-16 mutants display wide-al., 1978). In L1 larvae, the dorsal processes of the DD
neurons receive input from excitatory motor neurons, spread mislocalization of synaptic vesicle markers, we
examined the localization of SNB-1::GFP in severaland the ventral processes form en passant synapses to
ventral body wall muscles (White et al., 1978). Punc-25- types of neurons. We first looked at Punc-25-SNB-1::GFP
expression in the GABAergic VD motor neurons, whichSNB-1::GFP localization is restricted to the ventral DD
processes in wild-type early L1 larvae (Figure 1A). are born at the end of the L1 stage. The VDs have the
same cell shape as the DDs, but have opposite synapticWe isolated unc-16(ju79) in a screen for mislocaliza-
tion of this synaptic vesicle marker to the dorsal pro- connectivity (White et al., 1986). At the end of the L1
stage, the DDs remodel to innervate dorsal body wallcesses of the DDs of early L1 larvae (see the Experimen-
tal Procedures). Two other alleles of unc-16 were muscle, and the newly generated VDs innervate the ven-
tral body wall muscle (White et al., 1978). In adult worms,previously isolated in screens for uncoordinated behav-
ior (e109) and egg-laying defects (n730) (Brenner, 1974; Punc-25-SNB-1::GFP is localized to the dorsal processes of
the DDs and to the ventral processes of the VDs. SinceTrent et al., 1983; Thomas, 1990). A fourth allele (ju146)
was isolated as a suppressor of unc-104 (see below). unc-30 controls transcription from the unc-25 promoter
(Jin et al., 1994; Eastman et al., 1999), to examine theMutations in unc-16 also affect the defecation cycle
such that the anterior body contraction (aBoc) is missing localization of Punc-25-SNB-1::GFP in the VDs only, we inhib-
ited the expression of unc-30 by injecting the worms with(Iwasaki et al., 1995; Thomas, 1990). Mutant adults of
all four alleles move sluggishly, retain eggs transiently, unc-30 dsRNA. The expression of Punc-25-SNB-1::GFP was
selectively lost in DDs but was maintained in many VDsand lack the aBoc movement, but the phenotypes range
in severity from weakest to strongest in the following in the injected animals (J. McEwen and Y.J., unpublished
data; see the Experimental Procedures). We found thatorder: n730  ju79  e109  ju146.
In the L1 larvae of all four unc-16 mutants, the wild-type worms maintained ventral restriction of the
SNB-1::GFP marker in the VDs, whereas a significantlySNB-1::GFP marker was localized normally along the ven-
tral DD processes, but it was mislocalized along the dorsal higher percentage of unc-16(e109) and unc-16(ju146) ani-
mals had some localization of SNB-1::GFP along the lengthDD processes (Figure 1B). The presence of SNB-1::GFP
along dorsal DD processes in unc-16 L1 mutants was of the VD dorsal processes (Figure 1K).
We also examined the localization of SNB-1::GFP in100% penetrant, but the intensity and length along the
dorsal nerve cord varied between alleles and between several sensory neurons. The ASIs have cell bodies near
the nerve ring, an axonal process that wraps around theindividual animals. The mutant phenotypes of homozy-
gous animals for all four alleles were less severe than nerve ring, and a dendritic process that extends to the
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Figure 1. Synaptic Vesicle and Glutamate Receptor Markers Are Mislocalized in unc-16 Mutants
(A and B) Punc-25-SNB-1::GFP is localized along the ventral processes of the DD neurons in (A) wild-type and (B) unc-16(e109) L1 larvae but is
also mislocalized along the dorsal DD processes in unc-16(e109) (arrow in B). SNB-1::GFP localization in a single DD neuron (parallelograms)
and DD cell bodies (arrowheads) are indicated.
(C and D) Pstr-3-SNB-1::GFP is localized along the axonal processes of the ASI neurons in (C) wild-type and (D) unc-16(e109) adults and is also
mislocalized along the dendritic processes of the ASIs in unc-16(e109) (arrow in D). ASI cell bodies are out of the focal plane (arrowheads).
Schematic drawings below (A)–(D) are not to scale.
(E–H) CAT-1::GFP is clustered at the anterior endings of the CEP and ADF neurons in (F) unc-16(e109) mutants, compared to (E) wild-type.
CAT-1::GFP puncta are discrete and spaced apart along the PDE processes in (G) wild-type animals but are more diffuse and irregular in
shape in (H) unc-16(e109) mutants.
(I and J) GLR-1::GFP is localized in punctate structures along the ventral cord of (I) wild-type animals. GLR-1::GFP puncta are more irregular
in size and spacing in (J) unc-16(e109) mutants.
(K) Expression of Punc-25-SNB-1::GFP is primarily restricted to the ventral processes of VD neurons in wild-type (n  37) and unc-16 mutant
(n  47 for ju146 and n  33 for e109) adults but is also mislocalized along the dorsal processes of the VDs in most unc-16 mutant adults.
nose tip (White et al., 1986). In wild-type worms that carry around the nerve ring (Figure 1C) (Crump et al., 2001). In
unc-16 mutants, the SNB-1::GFP marker was clusteredan ASI-specific SNB-1::GFP marker (Pstr-3-SNB-1::GFP),
GFP was localized strictly to the axonal processes along the dendritic processes of ASIs in addition to
Neuron
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Figure 2. The unc-16 Gene Encodes the
C. elegans JSAP1/JIP3 Homolog
(A) unc-16 corresponds to the ZK1098.10
ORF. (, rescue; , no rescue; *, rescues
the dorsal localization of Punc-25-SNB-1::GFP
in L1 DD neurons, but not the movement and
egg-laying defects).
(B and C) Punc-25-SNB-1::GFP is mislocalized
to the dorsal DD processes (arrow in B) in
unc-16(e109) L1s expressing only Pttx-3::GFP
(circle and asterisks B), but is not mislocal-
ized to the dorsal DD processes (open arrow
in C) in unc-16(e109) L1s expressing arrays
containing pCZ146, pCZ350, and pCZ397 (C,
array containing pCZ146 shown).
the axonal processes (Figure 1D). Similar mislocalization GLR-1::GFP. GLR-1 is an AMPA-type glutamate recep-
tor and is localized postsynaptically in neurons (Hartwas also observed in the ASE, ASG, ASK, OLQ, ASH,
and FLP neurons (data not shown). These data support et al., 1995; Maricq et al., 1995). In wild-type animals,
GLR-1::GFP was localized to discrete puncta along thea role for unc-16 in regulating the transport of synaptic
vesicles or synaptic vesicle precursors in many neurons. ventral nerve cord (Figure 1I) (Rongo et al., 1998). In
unc-16 mutants, there appeared to be more GLR-1::GFPTo verify that the mislocalization of SNB-1::GFP in
unc-16 mutants was not an effect on this specific trans- puncta along the ventral cord, and the puncta were
irregular in shape (Figure 1J). The accumulation of moregene marker, we examined the localization of CAT-1::GFP
that labels synaptic vesicles in dopaminergic and sero- GLR-1::GFP puncta along the ventral cord in unc-16
mutants was not due simply to overexpression of thetonergic neurons. CAT-1 is a vesicular monoamine
transporter that is associated with synaptic vesicles transgene, since the intensity of a Pglr-1-GFP transcrip-
tional fusion in unc-16 mutants was indistinguishable(Duerr et al., 1999; Nurrish et al., 1999). In wild-type
animals, CAT-1::GFP was detected at the anterior end- from wild-type (data not shown). These results suggest
that UNC-16 may regulate the localization of both axonalings of the CEP and ADF neurons (Figure 1E) and in
discrete, uniform puncta along the PDE neurons (Figure and dendritic vesicular cargo.
1G). In unc-16 mutants, CAT-1::GFP was observed in
dense clusters at the anterior ends of the CEP and ADF unc-16 Encodes the C. elegans Homolog
of Mammalian JSAP/JIP3 and Drosophilaneurons (Figure 1F), and CAT-1::GFP puncta along the
PDE neurons were more diffuse and irregular in shape Sunday Driver
We mapped unc-16 to the region between emb-9 and(Figure 1H). We also examined the localization of endog-
enous synaptotagmin by immunostaining but could not unc-69 on chromosome III (see the Experimental Proce-
dures) and rescued the L1 DD synaptic vesicle markerdetect a significant difference between wild-type and
unc-16 mutant animals (data not shown). This could be mislocalization and all other visible phenotypes of unc-16
by germline transformation with cosmid ZK1098 (Figuredue to limited sensitivity of the antibody or that staining
the entire nervous system may mask subtle changes in 2A). Genomic DNA clones containing the predicted gene
ZK1098.10 completely rescued the unc-16 mutant pheno-individual neurons.
To determine whether unc-16 mutations may affect types (Figures 2A–2C). Deletions of this predicted gene
abolished the rescuing activity. Furthermore, we identifiedother vesicular cargo, we examined the localization of
Regulation of Vesicle Localization by C. elegans unc-16
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Figure 3. Comparison of UNC-16, Sunday Driver, and JSAP1/JIP3 Proteins
unc-16 lesions are indicated above UNC-16. The predicted protein and functional domains are pattern coded. Since different protein interaction
domains were mapped for JSAP1/JIP3 by Ito et al. and Kelkar et al., both are shown.
molecular lesions in the four unc-16 mutations, indicating UNC-16 Binds C. elegans JNK
and Its Upstream Activatorsthat ZK1098.10 corresponds to unc-16 (Figure 3).
We isolated a full-length unc-16 cDNA (see the Experi- Since UNC-16 has high sequence similarity to JSAP1/
JIP3, we wanted to verify that UNC-16 could interactmental Procedures). The transcript is trans spliced with
an SL1 leader and encodes an 1157 amino acid protein with components of JNK signaling. The jnk-1 gene was
identified as a C. elegans JNK by its ability to comple-with 36% identity and 51% similarity to mouse JSAP1/
JIP3 and 38% identity and 53% similarity to Drosophila ment yeast hog1 mutants (Kawasaki et al., 1999). JNK-1
has the highest sequence similarity to mammalian JNK3.dSYD (Figure 3). JSAP1/JIP3 was first identified by its
interaction with JNK and was shown to bind JNK3 (a jkk-1 and sek-1 encode upstream activators of JNK-1
that are similar in sequence to mammalian MKK7 andneuronally enriched JNK) and its upstream activators
(Ito et al., 1999; Kelkar et al., 2000) (Figure 3). JSAP1/ MKK6, 3, or 4, respectively (Kawasaki et al., 1999).
To test for interactions of UNC-16 with JNK-1, JKK-1,JIP3 also binds to the tetratricopeptide repeat (TPR) of
KLC (Bowman et al., 2000; Verhey et al., 2001). dSYD was and SEK-1, we cotransfected 293 cells with expression
constructs for T7-tagged UNC-16, HA-tagged JNK-1,identified in a Drosophila screen for axonal transport
mutants (Bowman et al., 2000). Flag-tagged JKK-1, or Flag-tagged SEK-1. We immuno-
precipitated the tagged JNK-1, JKK-1, or SEK-1 withWe determined the unc-16 genomic structure by com-
paring the sequences of the cDNA and genomic DNA HA or Flag antibodies, respectively, and probed for the
T7-tagged UNC-16 on a Western blot with T7 antibodies.(Figure 2A). We identified lesions in the four alleles. ju79
and n730 contain G-to-A transitions, resulting in early We found that UNC-16 coimmunoprecipitated with JNK-1,
JKK-1, and SEK-1 (Figure 4A), suggesting that UNC-16opal and amber stop codons, respectively (Figure 3).
ju146 contains a T-to-C transition in the third exon, re- can physically associate with JNK and its regulators.
However, JNK-1 activity, assayed by in vitro phosphory-sulting in a missense mutation L75P in a highly con-
served region of the protein (Figure 3). e109 contains a lation of GST::c-JUN, was not significantly altered when
immunoprecipitated from unc-16 mutant animals (Figure400-bp deletion that completely eliminates exon 5 with
breakpoints in introns 4 and 5 (Figures 2A and 3). Inter- 4B) or from 293 cells expressing both JNK-1 and UNC-16
(Figure 4C). Our data suggest that UNC-16 may not af-estingly, e109 does not behave as a null. Since genomic
DNA containing up to the seventh exon did not have fect overall JNK-1 activity. One possibility is that UNC-16
may spatially direct specific JNK-1 activity by bindingrescuing activity (Figure 2A), it is possible that an altered
functional product may be produced through alternative JNK-1 and its upstream activators and forming a signal-
ing module.splicing from the fourth exon to the seventh exon (Figure
2A). We determined the sequences of 20 independent
RT-PCR clones from unc-16(e109) total RNA and found Deletion Mutants in C. elegans JNK-Signaling
Components Result in Mislocalizationthat all show splicing from the fourth exon to the sixth
exon, which would result in a frame shift after amino of SNB-1::GFP
To determine whether the interaction of UNC-16 withacid 219, followed by a stop after amino acid 240. Our
data does not rule out the possibility of a low level of JNK-signaling molecules was involved in vesicle trans-
port, we analyzed the phenotypes of deletion mutantsan altered splice form in unc-16(e109).
Neuron
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Figure 4. UNC-16 Interacts with JNK-1, JKK-1, and SEK-1
(A) T7-UNC-16 coimmunoprecipitated with HA-JNK-1, Flag-JKK-1, and Flag-SEK-1 when coexpressed in 293 cells (top panels). The amounts
of immunoprecipitated HA-JNK-1, Flag-JKK-1, or Flag-SEK-1 proteins were determined with anti-HA (lanes 1 and 2) or anti-Flag (lanes 3–5)
antibodies (middle panel). Whole-cell lysates were immunoblotted with anti-T7 antibody to determine total amounts of T7-UNC-16 (bottom
panel).
(B) The kinase activity of JNK-1::GFP immunoprecipitated from unc-16(e109) mutant worms remains at a similar level to that of JNK-1::GFP
immunoprecipitated from wild-type worms (top panel, lanes 1 and 3), whereas the kinase activity of JNK-1::GFP is severely reduced when
immunoprecipitated from jkk-1(km2) worms (top panel, lane 2). Total amounts of JNK-1::GFP in immunoprecipitates and in whole-cell lysates
were determined by Western blot with anti-GFP antibody (middle and bottom panels).
(C) The kinase activity of HA-JNK-1 immunoprecipitated from 293 cells remains the same when either coexpressed with Flag-JKK-1 or with
Flag-JKK-1 and T7-UNC-16 (top panel, lanes 2 and 4). Total amounts of immunoprecipitated HA-JNK-1 were determined by Western blot
with anti-HA antibody (second panel). Total amounts of Flag-JKK-1 and T7-UNC-16 in whole-cell lysates were determined by Western blots
with anti-Flag (third panel) and anti-T7 (bottom panel) antibodies, respectively.
in jnk-1, jkk-1, and sek-1. jnk-1(gk7), jkk-1(km2), and ably the primary JNKK of an UNC-16 scaffold complex
in the DD neurons. Consistent with this, more UNC-16sek-1(km4) single mutants displayed very subtle visible
phenotypes compared to unc-16 mutants (Kawasaki et coimmunoprecipitated with JKK-1 than with SEK-1
when expressed in 293 cells (Figure 4A, top panel). Resultsal., 1999). sek-1(km4) mutants exhibited wild-type
SNB-1::GFP localization in the DD neurons of L1 larvae of the double-mutant analysis are consistent with JKK-1,
JNK-1, and UNC-16 functioning in either linear or parallel(Figures 5A and 5B). However, we observed dorsal mis-
localization of the synaptic vesicle marker in the DD biochemical pathways. The inability to carry out the dou-
ble-mutant analyses with null alleles of unc-16 precludesneurons in jnk-1(gk7) and jkk-1(km2) single-mutant and
jkk-1(km2) sek-1(km4) double-mutant L1s (Figures 5C, the distinction between these two possibilities.
5D, 5F, and 5I).
To further examine the interaction of UNC-16 with JNK UNC-16 Is Expressed in Neurons and Many Other
Cell Types and Can Act Cell Autonomouslysignaling in synaptic vesicle localization, we con-
structed double and triple mutants between partial loss- in DD Motor Neurons
To determine where unc-16 is expressed, we made anof-function alleles of unc-16 and deletion alleles of the
JNK-signaling components. While the localization of UNC-16::GFP fusion construct that completely rescued
Unc-16 mutant phenotypes (see the Experimental Pro-SNB-1::GFP was weakly affected in jkk-1(km2) and
jkk-1(km2) sek-1(km4) L1 larvae (Figures 5C, 5F, and cedures), suggesting that the GFP expression represents
a physiologically relevant localization. The UNC-16::GFP5I), the dorsal mislocalization of SNB-1::GFP in unc-16
mutant L1s (Figures 5E and 5I) was enhanced in the double fusion protein was expressed in neurons of the ventral
cord (Figures 6B and 6D), retrovesicular and preanaland triple mutants (Figure 5G–5I). The SNB-1::GFP mislo-
calization in L1 DDs was similarly enhanced in jnk-1(gk7); ganglia, and nerve ring (Figure 6A), as well as intestinal
cells, seam and hypodermal cells, body wall and headunc-16(ju79) (data not shown). sek-1(km4) alone had no
effect on mislocalization of SNB-1::GFP in the DDs of muscle, and pharynx. Within many neurons, UNC-16::GFP
was excluded from the nucleus and diffusely localizedunc-16 mutant L1s (data not shown). While JKK-1 and
SEK-1 may play partially redundant roles, JKK-1 is prob- throughout the cell body and neuronal processes. More
Regulation of Vesicle Localization by C. elegans unc-16
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Figure 5. Expression of SNB-1::GFP in C. ele-
gans JNK and JNKK Mutants
(A and B) SNB-1::GFP is restricted to the ven-
tral processes of L1 DD neurons in (A) wild-
type and (B) sek-1(km4).
(C, D, and F) Mislocalization of SNB-1::GFP is
seen along the dorsal processes (arrows) in (C)
jkk-1(km2) and (D) jnk-1(gk7) single-mutant and
(F) jkk-1(km2) sek-1(km4) double-mutant L1
animals.
(E, G, and H) While SNB-1::GFP is slightly
mislocalized to the dorsal DD processes in
(E) unc-16(ju79) L1 animals, the mislocaliza-
tion is enhanced in (G) unc-16(ju79); jkk-
1(km2)double-mutant and (H) unc-16(ju79);
jkk-1(km2)sek-1(km4) triple-mutant L1 ani-
mals (see arrows).
(I) Dorsal localization of SNB-1::GFP in the
DD motor neurons was scored on a scale
from 0 to 25 (see the Experimental Proce-
dures) in jkk-1(km2) (bars with diagonal gray
stripes), jkk-1(km2) sek-1(km4) (bars with gray
checkerboard), and unc-16(n730, ju79, e109,
and ju146) (bars with black background) sin-
gle, double, and triple mutants.
intense localization was seen in regions adjacent to the localization in a KHC/KIF5 mutant, unc-116 (Patel et al.,
1993). The Punc-25-SNB-1::GFP marker was mislocalizednucleus and at presumptive tips of the neuronal pro-
to the dorsal processes of the DDs in unc-116 mutant L1scesses (Figure 6C). Since jnk-1 and jkk-1 are also ex-
(Figure 7C) to a similar degree as in stronger alleles ofpressed in most or all neurons (Kawasaki et al., 1999),
unc-16 L1s (Figure 7B). In unc-116(e2281) unc-16(e109)the neuronal expression of unc-16 is consistent with the
double-mutant L1 larvae, slightly more SNB-1::GFP wasphysical interaction of UNC-16, JNK-1, and JKK-1. More-
mislocalized along the length of the dorsal processesover, we expressed UNC-16 specifically in the DD, VD,
of the DDs than either unc-116(e2281) or unc-16(e109)and RME neurons using the unc-25 promotor (Figure
single mutants (Figure 7D). The lethality of null mutations2A) and observed that the L1 DD synaptic vesicle local-
in unc-116 and unc-16 made it unfeasible to examineization defect in the unc-16 mutant was completely
vesicle localization in complete loss-of-function mu-rescued, indicating that cell autonomous function of
tants. The similarity in SNB-1::GFP mislocalization inUNC-16 is sufficient to restore synaptic vesicle localiza-
unc-16 and unc-116 is consistent with UNC-16 andtion in the DD neurons (Figure 2A).
UNC-116 functioning in the same process.
We further tested for an interaction between kinesin-1
Mutation of the unc-116 Kinesin Heavy Chain and UNC-16 by examining the localization of UNC-16::GFP
Results in Mislocalization of SNB-1::GFP in unc-116 KHC mutant animals. While localization of
and UNC-16::GFP UNC-16::GFP in wild-type worms was concentrated in
Since dSYD and JIP3 bind to KLC (Bowman et al., 2000; cell bodies and distal ends of processes and was fairly
Verhey et al., 2001), we examined the phenotypes of evenly distributed along the nerve processes (Figure
C. elegans kinesin mutants and their interactions with 6D), UNC-16::GFP localization appeared as elongated
unc-16. The C. elegans genome has two predicted KLC clusters that were aggregated along cell processes in
genes, KLC-1 and KLC-2 (Koushika and Nonet, 2000), the ventral nerve cord of unc-116(e2281) mutant animals
but no mutations are available. Since conventional (Figure 6E). The data implies that UNC-16::GFP localiza-
kinesin-1 is a protein complex consisting of both KLC tion is in part dependent on UNC-116 and supports a
direct interaction between UNC-16 and kinesin-1.and KHC/KIF5, we looked at synaptic vesicle marker
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Figure 6. UNC-16::GFP Expression
(A–D) In wild-type animals, UNC-16::GFP is detected in many cell types including neurons in the (A) nerve ring and along the (B and D) ventral
cord (vnc). (C) UNC-16::GFP is excluded from the nucleus and is most prominent in the cell body and at presumptive tips of cell processes.
Arrows in (D) are vnc cell bodies.
(E) UNC-16::GFP is less visible in the cell bodies (empty arrows) and is aggregated in elongated clusters along the nerve processes in
unc-116(e2281) animals (arrowhead).
(F) UNC-16::GFP is localized normally in unc-104(e1265) animals. Arrows point to the ventral cord cell bodies.
Mutations in unc-16 Partially Suppress Mutations Otsuka et al., 1991; Yonekawa et al., 1998). To address
how UNC-16 interacts with UNC-104-mediated synapticin the unc-104 KIF1A Kinesin
In C. elegans, transport of synaptic vesicle precursors vesicle transport, we made double mutants between
unc-16 and unc-104. The Punc-25-SNB-1::GFP marker infrom the cell body to axonal termini requires the function
of the unc-104 gene, which encodes the C. elegans unc-104 mutants was primarily restricted to the cell bod-
ies of the DD and VD motor neurons (Figure 8C). How-KIF1A kinesin homolog (Hall and Hedgecock, 1991;
Figure 7. SNB-1::GFP Is Mislocalized in unc-116/KHC Mutants
(A–D) SNB-1::GFP is restricted to the ventral DD processes in (A) wild-type L1 animals and is mislocalized to the dorsal DD processes in (B)
unc-16 and (C) unc-116 mutants (arrows). unc-116 unc-16 double mutants show a slight increase in the amount of mislocalized SNB-1::GFP (D).
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Figure 8. Mutations in unc-16 Partially Sup-
press unc-104/KIF1A Mutants
(A and B) SNB-1::GFP is localized along the
ventral processes of the VD neurons and
along the dorsal processes of the DD neurons
in (A) wild-type and (B) unc-16 adult animals
(arrows).
(C and D) SNB-1::GFP is primarily retained in
the VD and DD cell bodies of unc-104 mutants
and is not visible along the dorsal cord (open
arrow in [C]), but it is restored to the dorsal
cord in unc-104; unc-16 double mutants
(arrow in [D]).
(E and F) SNT-1 immunolocalization is primar-
ily restricted to the cell bodies of unc-104
mutants (arrow in E), and is not detected
along the sublateral (arrowheads in E) and
dorsal cords. In unc-104; unc-16 double mu-
tants, less SNT-1 immunostaining is ob-
served in the cell bodies (arrow in F), and
staining is restored along the sublateral (ar-
rowheads in F) and dorsal cords.
(G and H) SNB-1::GFP is primarily retained in
the VD and DD cell bodies of unc-104;
unc-116(e2281) double mutants; and not visible
along the dorsal cord (open arrow in G), but is
restored to the dorsal cord in unc-104(e1265);
unc-116(e2281) unc-16(e109) triple mutants
(arrow in H).
ever, in unc-104; unc-16 double-mutant adult worms, be a cargo of kinesin-1. To address whether the transport
of UNC-16 by UNC-116 could be required for UNC-16the synaptic vesicle marker was localized in a punctate
fashion along both the ventral and dorsal nerve cords function, we tested genetically how unc-116 participates
in the unc-16 and unc-104 interaction by making unc-104;(Figure 8D). The localization of endogenous synaptotag-
min by immunostaining was also restored to the lateral unc-116 double and unc-104; unc-116unc-16 triple mu-
tants. Interestingly, the vesicle retention defect of unc-104and dorsal nerve cords in unc-104; unc-16 mutant ani-
mals (Figure 8F), confirming that unc-16 suppresses the mutants was not suppressed in unc-104(e1265); unc-116
(e2281) double mutants (Figure 8G), but was suppressedmislocalization of an endogenous synaptic vesicle pro-
tein and that the suppression is not cell-type specific. in the unc-104(e1265); unc-116(e2281)unc-16(e109) triple
mutant (Figure 8H). These observations indicate thatMoreover, while unc-104 single mutants are tight, para-
lyzed ventral coilers, unc104; unc-16 double mutants UNC-16 can function independently of UNC-116 to
maintain proper localization of SNB-1::GFP.showed improved locomotion (data not shown), sug-
gesting that synaptic function may be partially restored.
We further verified the observed suppression of unc-104 Discussion
by unc-16 by performing an unc-104 suppressor screen.
We isolated unc-16(ju146) from a screen of approximately The proper localization of synaptic components is a
regulated process that requires the pairing of multiple20,000 haploid genomes. In unc-104(e1265); unc-16(ju146)
animals, SNB-1::GFP localization along the dorsal nerve cargo vesicles with different motor proteins. Despite the
identification of many motors, the specific interactionscord was restored.
Our data suggest that UNC-16 may be involved in an of cargoes and motors are poorly understood. We have
shown here that the loss-of-function mutations inUNC-104-mediated process, but that it may not directly
interact with UNC-104. Consistent with an indirect inter- unc-16, the C. elegans homolog of JSAP1/JIP3/dSYD,
cause mislocalization of synaptic vesicle and glutamateaction between UNC-16 and UNC-104, the localization
of UNC-16::GFP was unchanged in unc-104(e1265) mu- receptor markers. Like its murine homolog, UNC-16
physically interacts with JNK-signaling components.tant animals (Figure 6F). The suppression of unc-104 by
unc-16 is not allele specific: unc-16(ju79), unc-16(e109), Deletion mutations in genes encoding JNK-signaling
components result in similar, but weaker, loss of synap-and unc-16(ju146) all suppressed both unc-104(e1265)
and unc-104(rh43). Moreover, unc-16(ju146) suppressed tic vesicle marker ventral restriction in the DD motor neu-
rons of L1 larvae and enhance the phenotype of partialthe null larval lethal phenotype of unc-104(rh142) (Hall
and Hedgecock, 1991), supporting a bypass suppres- loss-of-function unc-16 mutants, suggesting that JNK sig-
naling may also be involved in synaptic vesicle localization.sion of unc-104 by unc-16.
The mislocalization of UNC-16::GFP in unc-116 mutants Mutations in unc-116 KHC/KIF5 share a similar synaptic
vesicle mislocalization phenotype with unc-16 mutantsand the similarity between unc-16 and unc-116 in
SNB-1::GFP mislocalization suggested that UNC-16 could and mislocalize a functional UNC-16::GFP, consistent
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Figure 9. Models for UNC-16 Function
(A) Summary of UNC-16 interaction with
JNK-1, JKK-1, and KLC-2.
(B) UNC-16 could regulate the activity of the
UNC-104/KIF1A kinesin or the interaction be-
tween UNC-104 and SV cargo to restrict the
transport of synaptic vesicles toward axonal
compartments.
(C) UNC-16 could regulate general membrane
translocation. Mutations in unc-16 would tip
the balance toward randomized cargo-motor
interactions and/or transport directionality,
resulting in many mislocalized cargoes. Ran-
dom cargo-motor interactions in unc-104;
unc-16 double mutants could result in na-
scent synaptic vesicles to bypass UNC-104
to escape from the cell body.
(D) UNC-16 may regulate motor switching for
kinesin-1 cargoes and/or kinesin-1 motor ac-
tivity. In unc-16 mutants, synaptic vesicle pre-
cursors and, perhaps, other vesicular cargo
may associate with kinesin-1 at the wrong
time or in the wrong place and end up in
inappropriate locations. In unc-104; unc-16
double mutants, synaptic vesicle precursors
may bypass UNC-104 to escape from the cell
body by inappropriately associating with
kinesin-1. (SV, synaptic vesicle; CV, cargo
vesicle.)
with a direct interaction of UNC-16 with the kinesin-1 by unc-16 together suggest a common role for mem-
bers of the UNC-16/JSAP1/JIP3/dSYD family in vesiclemotor complex. Moreover, mutations in unc-16 partially
suppress the vesicle retention defect in the unc-104 transport.
The UNC-16/JSAP1/JIP3/dSYD family may play a roleKIF1A mutants. We propose that UNC-16 functions as
a regulator of synaptic vesicle transport, and possibly in the transport of other cargo as well. UNC-16 is ex-
pressed in nonneuronal cell types, and null mutationsgeneral vesicular transport, through its combined inter-
actions with JNK-signaling components and motor pro- are early larval lethal, an outcome that may be unrelated
to the defect in synaptic vesicle localization. Intriguingly,teins (Figure 9A).
GLR-1::GFP, a postsynaptic component, is also mislo-
calized in unc-16 mutants. It is conceivable that thisMembers of the UNC-16/JSAP1/JIP3/dSYD
GLR-1::GFP misaccumulation in unc-16 mutants is anFamily Play Conserved Roles
indirect consequence of the improper localization ofin Vesicle Transport
synaptic vesicles in the presynaptic terminals. However,The sequence of the UNC-16/JSAP1/JIP3/dSYD family
our observation that the UNC-49 GABA receptor is notis highly conserved from C. elegans to humans. All are
coordinately affected in unc-16 mutants suggests thatexpressed or enriched in the nervous system (this paper;
the effect on GLR-1::GFP localization may be indepen-Akechi et al., 2001; Ito et al., 1999; Kelkar et al., 2000).
dent of the presynaptic input. The murine KIF17 motorUNC-16/JSAP1/JIP3 can form protein complexes with
transports the NR2B subunit of NMDA receptors throughJNK and its upstream regulators by in vitro biochemical
a protein complex containing mLin10, mLin2, and mLin7assays (Ito et al., 1999; Kelkar et al., 2000; and this
(Setou et al., 2000). In C. elegans, LIN-10 is necessarypaper). UNC-16/JIP3/dSYD interacts with KLC (Bowman
for the proper localization of GLR-1::GFP (Rongo et al.,et al., 2000; Verhey et al., 2001; and R. Sakamoto, M.K.,
1998), but it is currently unknown which motor is in-D.T.B., Y.J., N.H., and K.M., unpublished data). More-
volved in the transport. UNC-16 may play a role in theover, genetic analyses support a conserved function in
localization of GLR-1 by regulating this unknown motorvesicle transport in Drosophila and C. elegans (Bowman
or the proteins that interact with the motor.et al., 2000; this paper).
In Drosophila sunday driver mutants, synaptic vesicle
cargoes are accumulated within axons of the segmental JNK Signaling Regulates Vesicle Localization
JNK signaling is a key activator of the c-Jun transcriptionnerves, resembling the phenotypes of khc and klc mu-
tants (Bowman et al., 2000). In C. elegans, mutations in complex, and JNK3 is implicated in stress response and
apoptosis (for reviews, see Davis, 2000). Activated JNK3unc-16 and unc-116 disrupt the ventral restriction of
synaptic vesicles in L1 DD neurons. Moreover, muta- has been shown to colocalize with intracellular vesicles
in HEK-293 cells when expressed with -arrestin2 andtions in unc-116 and expression of a kinesin-1 domi-
nant-negative construct result in the mislocalization of activated AT1A receptors (McDonald et al., 2000). Due
to its binding of JNK3 and upstream activators of JNK3,UNC-16::GFP and Flag-JIP3, respectively (Verhey et al.,
2001; this paper). The protein interactions, similarities murine JSAP1/JIP3 has been postulated to act as a
scaffold for JNK3 signaling (Ito et al., 1999; Kelkar etin mutant phenotypes, and suppression of unc-104
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al., 2000). We have now provided genetic evidence that Why are synaptic vesicle markers mislocalized in
connects the JNK-scaffolding function of UNC-16/ unc-16 and unc-116 KHC/KIF5 mutants, and why does
JSAP1/JIP3 with the role in vesicle transport. We have unc-16, but not unc-116, suppress unc-104? Any model
shown here that UNC-16 can bind directly to JNK-1 and must take into consideration that the microtubule ori-
JKK-1, C. elegans JNK and JNK kinase. Similar to unc-16 entation in C. elegans neurons is poorly understood,
mutations, jnk-1(gk7) and jkk-1(km2) deletion mutations and axonal and dendritic cargo are transported within
result in mislocalization of synaptic vesicle markers in the same nerve processes in many neurons. It is pos-
the DD motor neurons of L1 larvae and also enhance sible that UNC-16 is a component of cargo carried
the synaptic vesicle mislocalization in unc-16 mutants. by UNC-116 KHC/KIF5 that regulates the activity of
Our results thus implicate a new role for JNK signaling the UNC-104 KIF1A kinesin or the interaction between
in vesicle transport. UNC-104 and synaptic vesicle cargo so that the trans-
Phosphorylation of many possible JNK targets could port of synaptic vesicles is restricted toward axonal
affect the transport or localization of vesicular cargo. compartments (Figure 9B). Another possibility is that
The cytoskeletal-interacting proteins tau, p150-Spir, UNC-16 plays a role in regulating general membrane
neurofilaments, and DENN/MADD are potential down- translocation (Figure 9C). In addition to associating with
stream targets of JNK (Brownlees et al., 2000; Otto et the kinesin-1 motor, UNC-16 could transiently associate
al., 2000; Reynolds et al., 2000; Zhang et al., 1998) that with other motors or tether proteins for other motors to
could lead to cytoskeletal changes and influence vesicu- reinforce or bias certain cargo-motor interactions and/
lar transport. Although phosphorylation of JIP3 did not or the directionality. Lastly, synaptic vesicle precursors
affect complex formation with JNK (Kelkar et al., 2000), may associate with UNC-104/KIF1A and kinesin-1 mo-
it may affect complex formation with KLC or other JIP-3- tors in a spatially regulated manner along the path to
interacting proteins that could control cargo-motor their final destinations (Leopold et al., 1992; Okada et
binding or motor function. Although JNK has not yet al., 1995; Sato-Yoshitake et al., 1992) (Figure 9D). In
been shown to phosphorylate kinesin light chain or support of this, the UNC-104 KIF1A kinesin is found in
kinesin heavy chain, KLC and KHC exist as phosphopro- both axons and dendrites of C. elegans neurons (Zhou
teins, and phosphorylation may regulate the kinesin ac- et al., 2001). The identification of 22 KHCs in the C.
tivity (Lee and Hollenbeck, 1995; Lindesmith et al., 1997). elegans genome and many more in mammalian ge-
UNC-16 not only could link the motor to the cargo, but nomes reflects a very complex transport system (for a
could also regulate the activity of the motor by bringing review see Hirokawa, 1998; Koushika and Nonet, 2000).
JNKs in close proximity to the motor. Determining the temporal and spatial dynamic interactions
between UNC-16 and motor proteins would provide clues
Function of UNC-16 in Synaptic Vesicle to test these models.
Transport in C. elegans
How might UNC-16/JSAP1/JIP3/dSYD interact with ve- Experimental Procedures
sicular cargoes? Based on various transmembrane pre-
Strains and Geneticsdiction algorithms, localization of a GFP::JIP3 (also
C. elegans strains were grown on NGM plates as described (Brenner,called mSYD2) fusion protein to Golgi and post-Golgi
1974). The ju79 mutation was isolated from sem-4(n1376); juIs1-vesicles in cultured epithelial cells, and detergent ex-
(Punc-25-SNB-1::GFP) animals treated with ethyl methanesulfonate. Atractability of JIP3 from mouse brain pellets, dSYD has total of 15–30 adult F2 hermaphrodites were lysed in a solution of
been proposed to act as a transmembrane receptor on 2N NaOH, 20% bleach. The L1 progeny, representing 500 muta-
vesicular cargo for the kinesin-1 motor (Bowman et al., genized haploid genomes, were examined for juIs1expression under
2000). However, JIP3 is also present in soluble extracts a Nomarski fluorescence microscope. Animals with dorsal localiza-
tion of SNB-1::GFP were recovered. ju79 was mapped to the intervalfrom mouse brain, and endogenous JIP3 localizes to
between emb-9 and unc-69 on chromosome III based on the follow-growth cones and the cytoplasmic compartment of the
ing data: from dpy-19unc-69/ju79 animals, 8/8 Unc non-Dpy andsoma in differentiated PC12 cells (Kelkar et al., 2000).
4/10 Dpy non-Unc segregated ju79; from unc-32emb-9/ju79 ani-
Another possibility is that JIP3/UNC-16 tethers the mals, all 33 Unc non-Emb segregated ju79; from unc-32ced-7/ju79
kinesin-1 motor to its cargo by interacting with other animals, 3/42 ju79 segregated Unc non-Ced and 0/30 ju79 segre-
unidentified components of vesicular cargo. Several gated Ced non-Unc. ju79 was uncovered by sDf110 and qDf2, but
not sDf127 or nDf40. In the process of mapping, we found that ju79novel proteins have been found to interact with UNC-16
failed to complement e109 and n730. unc-116 mutations used werein a yeast two-hybrid assay (K.M., unpublished data).
e2281, rh24, and ju68.Lastly, JIP3/UNC-16 may not bind directly to vesicular
kyIs105 (Pstr-3-SNB-1::GFP) was provided by C. Bargmann (Universitycargo, but rather may regulate cargo-motor interactions
of California, San Francisco) (Crump et al., 2001). nuIs1 (Pglr-1-GFP),or motor activity through its association with KLC. nuIs25 (GLR-1::GFP) (Rongo et al., 1998), and nuIs26 (CAT-1::GFP)
It is generally thought that UNC-104/KIF1A is a synap- were provided by J. Kaplan (University of California, Berkeley).
tic vesicle-specific kinesin because synaptic vesicle
precursors are retained in the cell bodies of unc-104 Cloning of unc-16
mutant worms and KIF1A knockout mice (Hall and Cosmids were obtained from the Sanger Center, Hinxton, UK. DNA
preparation and subcloning were performed following standard pro-Hedgecock, 1991; Yonekawa et al., 1998) and KIF1A
cedures (Sambrook et al., 1989). pCZ146 contained a 17-kb SpeIassociates with organelles containing synaptic vesicle
fragment from cosmid ZK1098 and rescued unc-16 completely. Theproteins (Okada et al., 1995). Preliminary EM analysis
5 end of unc-16 cDNAs was amplified by PCR from a C. elegans
showed that synaptic vesicle pools appeared normal in cDNA library in pNVLEU and contained a 7-bp SL1 sequence. The
unc-116(rh24) KHC/KIF5 (Hall et al., 1991), suggesting full-length sequence of the unc-16 cDNA was determined by se-
that conventional kinesin-1 does not play a major role quencing this 5 fragment and the yk285a12 clone provided by Y.
Kohara (National Institute of Genetics, Mishima, Japan). To con-in synaptic vesicle transport.
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struct a full-length unc-16 cDNA, a 0.5-kb BamHI-XhoI fragment of vectors. Cells were collected at 48 hr, washed once with PBS, and
lysed in 0.3 ml 0.5% Triton X-100 lysis buffer. After centrifugationthe PCR product was fused to a 3.5-kb XhoI fragment from
yk258a12. pCZ350, an unc-16 minigene, was constructed by ligating at 10,000g for 5 min, HA epitope-tagged proteins were immuno-
precipitated with anti-HA monoclonal antibody HA.11 (Babco). Im-a 7-kb SpeI-MluI genomic fragment of pCZ146 to a 3-kb MluI-SalI
fragment of the unc-16 cDNA in pSL1190. PCZ352 was constructed munoprecipitates were incubated with 1 g bacterially expressed
GST::c-JUN in 10 l kinase buffer containing 10 mM HEPES (pHby inserting a 1-kb NheI fragment containing GFP from pPD107.45
(provided by A. Fire) into pCZ350. pCZ378 was constructed by sub- 7.4), 1 mM DTT, 5 mM MgCl2, and 5 Ci [	-32P]ATP (3,000 Ci/mmol)
at 25
C for 2 min. Samples were analyzed by 10% SDS-PAGE andcloning a SpeI-BamHI fragment of pCZ146, and pCZ377 was con-
structed by cutting pCZ350 with EcoRV and religating. pCZ397 was autoradiography. Sonicated worm lysates were incubated with anti-
GFP polyclonal antibody (Clontech) in 50 mM Tris-HCl (pH 8.0), 100constructed by subcloning an EcoRI-KpnI fragment containing the
unc-25 promoter (Jin et al., 1999) and a KpnI-SalI fragment of the mM NaCl, 10% glycerol, 1% Triton X-100, 5 mM PMSF, 1 g/ml
leupeptin, and 1 g/ml pepstatin at 4
C for 3 hr. Samples wereunc-16 cDNA into EcoRI-XhoI in pSL1190.
Germline transformation was performed following standard pro- precipitated with protein G-Sepharose beads (Pharmacia). Immuno-
precipitates were subjected to protein kinase analysis and immu-cedures using 20–50 ng/l unc-16 DNA and 50 ng/l Pttx-3::gfp (Ho-
bert et al., 1998) as a coinjection marker (Mello et al., 1991). noblotting with anti-GFP monoclonal antibody (Clontech).
unc-104 Suppressor ScreenIdentification of unc-16 Mutations
unc-104(e1265); juIs1 animals were treated with ethyl methanesulfo-unc-16 genomic DNA, including all exons and intron-exon junctions,
nate. F2 progeny were first examined under a Leica dissecting micro-was amplified from unc-16 mutant and wild-type animals. DNA se-
scope for improved movement in a nonclonal screen of approximatelyquences were determined using 33P-labled primers and the fmol
20,000–64,000 haploid genomes. Candidate suppressors were thensequencing kit (Promega). All mutant lesions were confirmed on
examined for the restoration of dorsal SNB-1::GFP localization inboth strands from DNAs prepared in independent PCRs. Sequences
adults. Putative unc-104 suppressors were tested for nonlinkage toof primers are available upon request.
unc-104(e1265) and noncomplementation with unc-16(e109).
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